The seven members of the tumor necrosis factor receptor (TNF-R)-associated factor (TRAF) family of intracellular proteins were originally discovered and characterized as signaling adaptor molecules coupled to the cytoplasmic regions of receptors of the TNF-R superfamily. Functionally, TRAFs act both as a scaffold and/or enzymatic proteins to regulate activation of mitogen-activated protein kinases (MAPKs) and transcription factors of nuclear factor-kB family (NF-kB). Given the wide variety of stimuli intracellularly conveyed by TRAF proteins, they are physiologically involved in multiple biological processes, including embryonic development, tissue homeostasis, and regulation of innate and adaptive immune responses. In the last few years, it has become increasingly evident the involvement of TRAF7, the last member of the TRAF family to be discovered, in the genesis and progression of several human cancers, placing TRAF7 in the spotlight as a novel tumor suppressor protein. In this paper, we review and discuss the literature recently produced on this subject.
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The seven TRAF proteins were originally discovered as signal transducing components of the TNF-R superfamily members (Ha et al., 2009; Xie, 2013) . Upon binding of their respective ligands, these receptors transmit in the cell a wide range of different extracellular signals that regulate important and fundamental biological processes, including embryonic development and morphogenesis, the innate and acquired immune responses, cell survival and proliferation, tissues homeostasis, and stress responses (Ha et al., 2009; Xie, 2013) . Structurally, TRAF proteins share a typical modular organization of conserved domains. All family members, with the exception of TRAF1, contain a RING finger domain localized at their amino-terminus, followed by one or more zinc finger domains (Fig. 1) . The RING finger domain is common to many E3 ubiquitin ligases, constituting the core of the ubiquitin ligase catalytic domain. The carboxy-terminus portion of TRAF proteins is made of the extensive TRAF domain, which mediates oligomerization reactions and interactions with partner proteins (Ha et al., 2009; Xie, 2013) . The last member of the TRAF family identified, TRAF7, lacks the TRAF domain, which is replaced by seven repeats of the WD domain .
In the context of TNF-R signaling, TRAF proteins are primarily involved in regulating the activation state of mitogenactivated protein kinases (MAPKs) and NF-kB. For this, TRAF proteins function as molecular scaffolds that assist the ligandinduced recruitment of other signaling proteins to the TNF-R signaling complexes. Moreover, as the signaling pathways controlled by TRAF proteins are often regulated through ubiquitination events, several family members, including TRAF2, 3, 5, and 6, also act as E3 ubiquitin ligase enzymes (Ha et al., 2009; Xie, 2013) .
Some excellent works have been published on the role of TRAF proteins in the signal transduction pathways activated by members of the TNF-R superfamily, to which we refer for further reading (Ha et al., 2009; Xie, 2013) . In these pages, we will focus on the experimental evidences now existing pointing to a role for TRAF proteins, particularly TRAF7, in the genesis and progression of several types of cancer.
TRAF7
TRAF7 was originally discovered in a screening aiming at the definition of a protein-protein interaction network around known and candidate components of the TNFa/NF-kB pathway (Bouwmeester et al., 2004) . Using an integrated approach comprising tandem affinity purification and liquidchromatography mass spectrometry, TRAF7 was identified with TAP-tagged MEKK3, a MAPKKK required for the TNF-ainduced activation of NF-kB (Yang et al., 2001 ). Independently, TRAF7 was also identified using bioinformatics tools in a search for sequences containing a TRAF-like RING finger domain (Xu et al., 2004) . As other TRAF family members, TRAF7 contains an amino-terminal RING finger domain (aa 125-160), followed by an adjacent zinc finger domain (aa 221-287). However, instead of the classical TRAF domain, the carboxy terminus of TRAF7 contains seven WD40 repeats (Bouwmeester et al., 2004; Xu et al., 2004) . Due to the lack of a canonical carboxy-terminal TRAF domain, some authors question whether TRAF7 is a "proper" TRAF protein. As mentioned before, TRAF7 has been identified for its association with MEKK3. However, while other TRAF family members interact with various signaling molecules, including protein kinases, through the TRAF domain, the interaction of TRAF7 with MEKK3 is mediated by the WD40 repeats-containing region of the protein (Bouwmeester et al., 2004) . Functionally, TRAF7 and MEKK3 cooperate in the signal transduction pathways that lead to activation of JNK and p38 MAP kinases following TNFa stimulation (Bouwmeester et al., 2004; Xu et al., 2004; Scudiero et al., 2012) . In addition to AP1, This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
Conflicts of Interest: None of the authors has a conflict of interest to disclose. the main transcription factors activated by JNK, TRAF7 also positively regulates the transcriptional activity of CHOP/ gadd153, a transcription factor activated following exposure to different cellular stresses, such as UV light, genotoxic agents, and protein misfolding in the endoplasmic reticulum (Xu et al., 2004) . Similarly to TRAF2, TRAF3, and TRAF6 (Karin and Gallagher, 2009; H€ acker et al., 2011; Xie, 2013) , the RING domain of TRAF7 possesses an E3 ubiquitin ligase activity (Bouwmeester et al., 2004) . In addition to auto-ubiquitination (Bouwmeester et al., 2004) , TRAF7 also promotes ubiquitination of several cellular targets, including the adapter molecule NF-kB essential modulator (NEMO) (Zotti et al., 2011) , the p65 subunit of NFkB transcription factor (Tsikitis et al., 2010; Zotti et al., 2011) , the anti-apoptotic protein c-FLIP (Scudiero et al., 2012) and the tumor suppressor protein p53 . Ubiquitin possesses seven lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) and the consequence of an ubiquitination reaction depends on the Lys-type of ubiquitin linkage (Kulathu and Komander, 2012) . Indeed, TRAF7 is able to catalyze different Lys-types of ubiquitinations. In fact, TRAF7 promotes predominantly Lys29-linked polyubiquitination of NEMO, p65, and c-FLIP (Zotti et al., 2011; Scudiero et al., 2012) , and this type of ubiquitination is associated with lysosomal degradation of the target proteins (Chastagner et al., 2006; Zotti et al., 2011; Scudiero et al., 2012) . On the other hand, TRAF7 promotes Lys48-linked ubiquitination of p53 , which is usually followed by the proteosomal degradation of the ubiquitinated protein. Along with ubiquitination reactions, TRAF7 also binds to and stimulates sumoylation of the protooncogene product c-Myb (Morita et al., 2005) , a transcription factor that regulates proliferation and differentiation of hematopoietic cells (Mucenski et al., 1991) .
TRAF proteins in tumors
Having a primary role in the regulation of the acquired and innate immune responses, it is not surprising that the first evidence for an involvement of TRAF proteins in tumors came from the molecular analysis of specific B cells malignancies. For instance, deletions of TRAF2 (Keats et al., 2007; Demchenko et al., 2010) JOURNAL OF CELLULAR PHYSIOLOGY the TRAF3 locus have also been observed in cases of chronic lymphocytic leukemias (Nagel et al., 2009) , Waldenstr€ om's macroglobulinemia-a distinct B-cell neoplasm characterized by a lymphoplasmacytic infiltrate in bone marrow and IgM paraprotein production (Braggio et al., 2009) , and classical Hodgkin lymphoma (Otto et al., 2012) . In addition to the above mentioned inactivating mutations of TRAF2 found in B cell malignancies, a significant fraction of diffuse large B-cell lymphoma (DLBL) carry somatic activating mutations in TRAF2 (Compagno et al., 2009 ). These mutations produce TRAF2 molecules with considerably enhanced ability to activate NFkB, which catalyzes transcription of cytoprotective and antiapoptotic genes. Thus, in the same cell type, the B lymphocytes, TRAF2 can function as both oncogene and tumor suppressor gene. In the same study by Compagno et al. (2009) , mutations of TRAF5 were identified even with higher frequency compared to TRAF2 (5% TRAF5 vs. 3% TRAF2). However, the effect of these TRAF5 mutations on NF-kB activation, or other signaling pathways, has not been investigated yet.
While TRAF2 and TRAF3 have been involved in several lymphoid tumors, TRAF4 and TRAF6 are involved in a broader spectrum of cancers. Indeed, TRAF4 cDNA was initially isolated from metastatic breast cancer Tomasetto et al., 1995) , where the TRAF4 gene was amplified. In a subsequent larger study including epithelial tumors, TRAF4 was found overexpressed in approximately 60% of lung, breast and ovarian, 44% of bladder, and 28% of colon carcinomas (Camilleri-Broët et al., 2007) . Moreover, TRAF4 overexpression was not only most commonly observed in epithelial tumors (48%), but also in 31% of melanomas, 21% of neurogenic tumors, and 17% of lymphomas (Camilleri-Broët et al., 2007) . Thus, TRAF4 protein overexpression appears to be a common feature of several human cancers.
Frequent amplification of the TRAF6 locus, with concomitant mRNA overexpression, has been reported in lung cancers (Starczynowski et al., 2011) , colon cancer (Sun et al., 2014) , and osteosarcoma samples (Meng et al., 2012) . Expression of TRAF6 was found up-regulated also in pancreatic cancer tissues, resulting in deregulated expression of multiple genes involved in cell growth, apoptosis, and migration (Rong et al., 2014) .
TRAF7 in meningioma
Meningiomas are tumors originating from the meningeal coverings of the brain and the spinal cord (Mawrin and Perry, 2010) . They represent one of the most frequent primary brain tumor, accounting for about one third of all cerebral nervous system tumors. The WHO currently recognizes 15 different variants of meningioma (Louis et al., 2007) , classified in three grades of malignancy. The secretory subtype of meningioma, which represents approximately 3% of all meningiomas, follows a more aggressive clinical course due to increased brain swelling (Probst-Cousin et al., 1997; Mawrin and Perry, 2010; Mawrin et al., 2015) . A large fraction of all sporadic meningiomas (40-60%) display recurrent genetic alterations resulting in inactivating mutations in the NF2 gene locus located on chromosome 22 (Rouleau et al., 1993; Trofatter et al., 1993; Ruttledge et al., 1994; Peyre and Kalamarides, 2014; Domingues et al., 2015) . The rate of NF2 mutations is similar in menigiomas of different WHO grades, suggesting that NF2 inactivation is critical for tumor initiation, rather than progression (Mawrin and Perry, 2010; Choy et al., 2011) . The NF2 locus encodes for merlin, a pleiotropic protein involved in cytoskeleton organization and cell contact inhibition (PecinaSlaus, 2013), which also regulates transmembrane receptor accumulation and receptor signaling, including Erb receptors, platelet-derived growth factor receptor, insulin-like growth factor 1 receptor and vascular endothelial growth factor receptors (Lallemand et al., 2009) . Besides these roles in cytoskeleton organization and receptor signaling, merlin also regulates ubiquitination events, by inhibiting the E3 ubiquitin ligase CRL4(DCAF1) in the nucleus (Li et al., 2010) .
Several recent genome-wide studies of meningiomas (Brastianos et al., 2013; Clark et al., 2013; Reuss et al., 2013; Abedalthagafi et al., 2016; Clark et al., 2016) have led to the discovery of driver TRAF7 mutations implicated in meningioma tumorigenesis. Overall, these studies show that mutations in TRAF7 are observed in nearly one-fourth of the meningiomas studied, and in all meningiomas of the secretory subtype. Interestingly, TRAF7 mutations are exclusive of NF2 mutations-suggesting that the two proteins act along the same pathway-and often co-occur with mutations in KLF4 or in AKT1. KLF4 is a transcription factor that regulates differentiation in a variety of different cell types and its expression is essential to reprogram adult cells in pluripotent adult stem cells (Takahashi et al., 2007) , whereas AKT1 is serine-threonine kinase involved in proliferation, and is a well known oncogene (Vivanco and Sawyers, 2013) . Also, whereas the co-occurring mutations in KLF4 and AKT1 are always the same (K409Q for KLF4 and E17K for AKT1), the TRAF7 mutations found in the various samples are distributed along the whole protein, with a marked predilection for the WD40 Fig. 2 . TRAF7 mutations in human cancers. In the domain structure of TRAF7, on the top are indicated the mutations found in meningiomas, on the bottom the mutations found in mesothelioma.
JOURNAL OF CELLULAR PHYSIOLOGY repeats (Fig. 2) . For instance, the AKT1E17K mutation found in meningiomas often occurs in various other human cancers, including breast, colon, and ovarian cancers .
Specifically, combination of KLF4 and TRAF7 mutations was only found in virtually 100% of secretory meningiomas (Clark et al., 2013) . Moreover, meningiomas arising in specific anatomical positions are characterized by mutations in the same genes. In fact, tumors with TRAF7/AKT1/KLF4 mutations predominantly localize medially in the skull base, whereas meningiomas with NF2 mutations predominantly localize in the hemispheres or laterally in the skull base (Clark et al., 2013) .
TRAF7 in mesothelioma
Malignant mesothelioma (MM) is an aggressive cancer that results from unregulated proliferation of the mesothelial cells lining the pleural, peritoneal, and pericardial cavities (Yang et al., 2008) . The vast majority of MMs is associated to exposure to mineral fibers, particularly asbestos and erionite. MMs are histologically classified in the three subtypes epithelial, biphasic (or mixed), and sarcomatoid. Malignant pleural mesothelioma (MPM) is the most common type of MM, accounting for approximately 70% of all cases. Unfortunately, MPM is commonly diagnosed at advanced stages and its survival rate is lower than 12 months (Yang et al., 2008) . The genes whose role has been well established in MPM are CDKN2A, NF2 (i.e., the same gene mutated in meningiomas), and BAP1 (Cheng et al., 1994; Bianchi et al., 1995; Bott et al., 2011; Guo et al., 2015) . The CDKN2A locus encodes for several proteins, the most well-studied are the p16(INK4a) and the p14(ARF) proteins, which both function as tumor suppressors (Zhao et al., 2016) . BAP1 (BRCA1-associated protein 1) also is a tumor suppressor gene, and it encodes for a deubiquitinating enzyme that regulates key cellular pathways, including cell cycle, cellular differentiation, transcription, and DNA damage response (Wang et al., 2016) . In a recent sequencing work of transcriptomes and exomes from 216 MPMs, TRAF7 was found among the significantly mutated genes (5/216; 2,3%) (Bueno et al., 2016) . As in the case of meningiomas, most of the MMs mutations observed in TRAF7 (4/5) were localized at the carboxy-terminal WD40 repeats (Fig. 2) . Mutations in TRAF7 often co-occurred with mutations of p53, but, similarly to what observed in meningiomas, rarely with mutations of NF2, which was found mutated in 19% of the samples. From the histological point of view, TRAF7 was found mutated in the epithelial and biphasic subtypes of MPM, but not in the sarcomatoid subtype. In addition to MPM, a somatic mutation of TRAF7 has been reported in a case of papillary peritoneal mesothelioma, where NF2 was not mutated as well (Yu et al., 2011) .
Conclusion
Recent data generated through deep sequencing of primary tumors have clearly indicated the involvement of TRAF7 in the genesis of various human cancers. Specifically, TRAF7 is mutated in about 25% of meningiomas and significantly, although at a lower rate, in human mesotheliomas. An inactivating mutation of TRAF7 has also been reported in a case of Merkel cell carcinoma, a rare and aggressive cutaneous neuroendocrine carcinoma (Goh et al., 2015) . It is certainly interesting the fact that mutations in TRAF7 in human meningioma and mesothelioma cancers are alternative to mutations in NF2, a gene which, strikingly, also shows a high rate of mutation in these two types of tumors. This evidence suggests that TRAF7 and NF2 may act on a common pathway. However, merlin, the product of the NF2 gene, is a multifaceted protein, functioning as a scaffold protein that connects cytoskeleton dynamics to signaling transduction pathways that control cell death and proliferation, including those triggered by tyrosine kinase receptors, small GTPases, mammalian target of rapamycin (mTOR), PI3K/Akt, and hippo pathways (Petrilli and Fern andez-Valle, 2016 ). Thus, in this variety of different functions it is not obvious to distinguish which of them is/are shared by TRAF7 and NF2 in promoting cancer development. Most of the TRAF7 mutations identified in human tumors localize at the WD40 repeats region and at the neighboring coiled coil domain, that is, the regions through which TRAF7 establishes interactions with several molecular partners . For example, the coiled coil domain of TRAF7 is involved in the interaction with NEMO (Zotti et al., 2011) , an adapter molecule essential for activation of the canonical pathway of NF-kB, a transcription factor that by promoting expression of anti-apoptotic and proliferative genes is known to be generally hyperactive in the vast majority of human cancers (Karin, 2006; Wu et al., 2015) . Generally, TRAF7 exerts a negative control on NF-kB activity, by promoting ubiquitination and lysosomal degradation of NEMO and that of the p65 subunit of NF-kB (Zotti et al., 2011) . TRAF7 also promotes ubiquitination and lysosomal degradation of c-FLIP (Scudiero et al., 2012) , a very well known inhibitor of apoptosis by interfering with caspases activation in tumor cells (Safa and Pollok, 2011; Shirley and Micheau, 2013) whose stability is known to be controlled by TRAF proteins (Guiet et al., 2002) . Consistent with its role as a crucial negative regulator of the apoptotic pathway, c-FLIP is found overexpressed in many different types of cancer, including MPM (Rippo et al., 2004) .
Interestingly, the tumor suppressor protein p53 is another target of the ubiquitinating activity of TRAF7, and TRAF7-mediated ubiquitination of p53 plays a critical role in breast cancer development and progression . The WD40 repeats seem to be the main hotspot for TRAF7 mutations found in human cancers. WD40 repeats-containing proteins are generally abundantly present in eukaryote genomes-the human genome encodes for 349 predicted WD40 repeat-containing proteins-and are characterized by the presence of repeating units with 40-60 variable residues that ended with tryptophan (W) and aspartate (D) dipeptides . For instance, the co-presence of a RING finger domain and WD40 repeats allows to classify TRAF7 as a member of a smaller family of E3 ubiquitin ligases named RFWD proteins, which includes COP1 and RFWD3 (Marine, 2012) . RFWD proteins target transcriptional regulators such as p53, ETV, and ETS, and are known to be involved in tumorigenesis as COP1 is a tumor suppressor and RFWD3 is a susceptibility locus in myeloma and testicular cancer (Marine, 2012; Chung et al., 2013; Mitchell et al., 2016) .
The basic function of WD40 proteins is to serve as scaffold platforms for protein-protein and protein-DNA interactions. In fact, some functionally relevant molecular interactions are established by TRAF7 through its carboxyterminal WD40 repeats, including association with MEKK3. Indeed, co-expression of MEKK3 with TRAF7 results in activation of the JNK and p38 MAP kinases pathways (Bouwmeester et al., 2004; Xu et al., 2004) , which constitute a pivotal signaling pathway in cytokine-and stress-induced apoptosis. Coherently with its positive role in activation of p38 and JNK pathways, and its negative role in regulating NFkB activation and c-FLIP expression level, TRAF7 promotes apoptotic pathways. However, which of the multiple functions performed by TRAF7 is compromised as a result of mutations found in different human tumors remains still to be defined. In this regard, the next coming years will definitely witness profound advances in our understanding of the biology of TRAF7, and will clarify whether TRAF7 can be considered as a potential molecular target for the therapeutic approach of the diverse human cancers in which this protein is involved.
